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(54) Electrical transfomier 

(57) The present invention relates to an electrical 
transfomier which includes a primary winding (3) cou- 
pled to first and second magnetic circuits (1 ,2). A mag- 
netic flux is driven through the magnetic circuits by the 
primary winding. First and second secondaiy windings 



(5,6) are atso provided, each associated with a respec- 
tive one of the magnetic circuits (1 ,2) and being electri- 
cally connected together in series opposition. A closed 
superconducting fault current winding (8) is also provid- 
ed to Jinic with the magnetic flux In the second magnetic 
circuit 
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Description 

[0001] The invention relates to electrical transformers, for example for use in the power distribution industry. 
[0002] Electrical transformers are used in a variety of applications to step down (or step up) a voltage supply to a 
load When large voltages are Involved, problems can arise wfien a fault develops in the load resulting in a sudden 
demand for power. Typically, this Is dealt with by Including circuit breakers and the like but these are expensive and 
not always reliable. 

[0003] In accordance with the present invention, an electrical tfansfomrier comprises a primary winding; first and 
second magnetic circuits magnetically coupled with the primary winding and through which magnetic flux is driven by 
the pnmary winding; first and second secondaiy windings each associated with a respective one of the magnetic circuits 
and electrically connected together in series opposition; and a short^ircuited superconducting winding, hereinafter 
known as the fault current winding" linked by the magnetic flux in the second magnetto circuit. 
[0004] We have devetoped a transformer which Incorporates automatk: fault cun-ent Bmiting by making use of a 
closed or short circuited superconducting winding, in use. the secondary windings will be connected to a load and 
under nornial conditfons, when the load impedance is high enough not to draw excessive current, the superconducting 
fault current winding has current induced In it which opposes the magnetic Ilux linkage in the second magnetic circuH 
The second secondary winding therefore has no electromotive force induced in it. and the output of the transfomter is 
determined by the properties of the primary winding and the first secondary winding only 

[0005] In the event of afault, such as a reduction in load impedance, or a short circuit in the output circuit, the current 
in the fault current winding will rise. When it exceeds the superconducting critical current, the shorted winding becomes 
resistive, and if the resistance is great enough, the induced electromotive force is not sufficient to drh/e a current through 
the fauft current winding which opposes all the flux Rnkage. This allows an electromotive force to be induced in the 
second secondary winding, which opposes that of the first secondary winding. This effect therefore reduces the output 
voltage ol the transformer so as to limit the current which can be drawn from it. 

[0006] The use of a superconducting fault current winding to achieve fault-current limitatfon is desirable because the 
mechanism is fail-safe, very fast, has no moving parts and is self -sensing. Also, at larger ratings, this approach becomes 
much more commercially viable in comparison with conventk)na! circuit breakers, 

£0007] Althougfi the transformer could be constructed from resistive windings, preferably the primary and secondary 
windings are superconductive. 

[0008] In the case of transformers, there is a potential saving in eliminating the ohmic loss \n the windings, provided 
that the refrigeration cost can be made small enough. Also, superconducting transformers could be more compact 
because of the higher current density in the windmgs and the eliminatfon of coolant circulation and heat-exchanae 
hardware. ^ 

[0009] By making all the windings superconducting, the transfomier principle allows properties of the superconductor 
to be matched to the applteation so that the superconducting material can be used In a form which can be readily 
manufactured and Is robust 

[OOlcq Most conveniently the primary, secondary and fault current windings are housed In a common cryostat. This 
significantly reduces the refrigeration overhead compared with independent systems. 

[0011] It is possible to utilize a single turn for the fault current winding although a coil having more than one turn 
could also be used. 

[0012] Typically, the reluctances of the two magnetic circuits will be similar, so that the current in the fault current 
winding is proportional to the cun-ent in the primary winding, which is in turn determined by the load impedance. 
[0013] The transformer can be conveniently designed with identical cross-sections and lengths of iron (or other mag- 
netic material such as ferrile) in the two magnetic circuits. However, under nomial conditions, the first (not coupled to 
45 the fault current winding) will carry more flux than the second, so that the iron will be operating over a different part of 
its B/H curve, so that the reluctance will be slightly different. So long as the iron is not saturated, this difference should 
not affect the operation of the device. 

[001 4] An example of an electrical transformer according to the Invention will now be described with reference to the 
accompanying drawings, in whlch:- 

Figure 1 is a circuit diagram of the transformer connected to a supply and a load; and. 
Figure 2 is a schematic circuit diagram used for performing the SPICE model to be described. 

[0015] The transformer shown in Figure 1 comprises a parr of rectangular, iron yokes 1,2 defining respective first 
and second magnetic circuits and lying alongside one another. Adjacent arms 1A,2A of the magnetic circuits 1 ,2 pass 
through a primary winding 3 of the transformer which is connected to a supply 4. 

[0016] Rrst and second secondary windings 5,6 are provided around the magnetic circuits 1 ,2 respectively and are 
connected in series opposition to each other and to a load 7. 
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[0017] As mentioned above, although the windings 3,5,6 could be resistive, praterably they are superconductive and 
will be mounted in a suitable cryostat. A shorted turn 8 of superconductor is provided around an arm of the magnetic 
circuit 2. 

[001 8] As described above, under normal conditions, when the load impedance is high enough not to draw excessive 
current, the shorted turn 8 has a current induced in it which opposes the magnetic flux linkage in the magnetic circuit 
2. The second secondary winding 6 therefore has no electromotive force induced in it and the output of the transformer 
Is determined by the properties of the primary winding 3 and the first secondary winding 6. 
[0019] When a fault such as a reduction In load impedance occurs, the current in the shorted turn 8 will rise. When 
it exceeds the superconducting critical current, the shorted tum 8 wilt become resistive, and if the resistance is great 
enough, the induced electromotive force is not sufficient to drive a current through the turn 8 which opposes all the flux 
linkage. This allows an electromotive force to be induced fn the second secondary winding 6 which opposes that of 
the first secondary winding 5. This effect then reduces the output voltage of the transformer so as to limit the current 
which can be drawn irom it. 



IS Artalysfs 

[0020] The follow summarises a mathematical analysis of the system which has been carried out using the DERIVE 
program published by Soft Warehouse Inc, of Honolulu, Hawaii, USA. 

[0021] The circuit equations for a system of Inductively coupled circuits can be described by the vector equation: 



(1) 



25 



where 

M is the mutual inductance matrix, and, 

R is a diagonal matrix containing the resistances of each circuit. 
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[0022] In the circuit shown in Figure 1 : 
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[0023] Where the subscripts have the following meanings: 



55 



p,prim refer to the primary coil, 

sec refers to the series current in the secondary coils 

s1 refers to the secondary coil 5, 

s2 refers to the secondary coil 6, 
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S3 refers to the shorted, superconducting cdl 8, 
L is inductance, and 
M is mutual inductance. 

[0024] Note that there is no coupling between coil 5 and coil 6, or between coil 5 and turn 8, because they are on 
different magnetic circuits. 

[00251 The inductances can be described in temis of the number of turns, np, n^ (n© is the number of turns in one of 
the secondaries. 5.6. the secondaries 5 and 6 having equal turns in this analysis) and the core dimensions given by: 

where: 

IS A Is the cross-sectional area of the magnetic circuit, and 
I is the length of the flux path around the magnetic circuit 
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where leakage is albwed for in the coupling constant k. 



Lp = np^k2K 



^i="si^Ketc. 



[0026] It is also convenient to work in terms of 



Turns ratio a = 



Second turns ratio 



where: 

40 n3 is the number of turns in the shorted turn 8. 

[0027] fHatIo of actual to nominal load impedance 



6 = . 



4$ nominal-load 
[0028] Ratio of secondary coil impedance to nominal toad 



so co(/.^yf Z.^) 

nominal-toad 



[0029] Equation 1 can then be solved for the currents in each circuit. The expressions which are obtained are ex- 
tremely large, -but capable of being used. In order to present the results in a morecomprehensibie form, some simplifying 
ss assumptions may be made. 

[0030] The supply has a negligible output impedance, 
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'^supply ~^ • 

[0031] There is no flux leakage. 

s 

k=l. 

[0032] The results can then be tabulated (Table 1) for the two conditions: 

10 

•Normal" - l%hori = ^ (superoonductive) 
"Fault" - = 0, R,hort non-zero (resistive). 

IS 



2S 



30 



3S 



45 



SO 



55 



5 




5 



10 



IS 



O 



20 



2S 



H 



i 

ca 



o 



CM CO 

o 



O 

(9 



$S 



O 



o 



o 



o 

2S 



40 



45 



CM 



to I ca 
+ 



<t5 
C 



60 



ss Modellfng 

[0033] It (s also possible to model this system using SPICE. SPICE is a weli known program for modelling electronic 
circuits, originally developed by the University of California at Berkeley, and available h a number of implementations. 
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This enables the non-Dnearrly of the magnetic circuits to be included, and the validi^ of the simplifications mentioned 
above to be investigated. However the SPICE algorithm Imposes some llmhatfons, and in particular does not allow a 
circuit to contain zero resistance. In the foltowing, the superconductor was modelled by a resistance of 10* ohm and 
the short circuit by 0.001 ohm. 

[0034] The following values were used In the above analytical expressions and also In a SPICE model, whose circuit 

schematic Is shown in Figure 2. • 

[003S] In this model, it Is assumed that 

A = 0.047 m2 I = 0.72 m 

%-^8 np=1800 n3=1 

Vguppiy = 20 kV nominal load = 4 ohms 



IS [0036] For the expressions \l = 1802. and in the SPICE mode! the following BH cun^e was used: 
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[0037] The results of these two calculations are compared In Table 2 below tor different values of Bsho/t 

Table 2 
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^^ort ohms 


1 Normal 


Fault 






Expressions 


SPICE 


Expressions 


SPICE 




0.001 


0.517 


0.509 


6.173 


1.543 




0.01 






0.686 


0.161 




0.1 






0.065 


0.050 




0.001 


50.00 


49,98 


154.3 


154.3 




0.01 






17.15 


15.40 




0.1 






1.691 


1.540 


'short 


0.001 


1816 


1806. 


5556 


6551 




0.01 






617.3 


555.0 




0.1 






57.27 


55.8 



[0038] Agreement is good, except at vary low values of Rshort- 
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[0039] In the example which has been used, good limiting has been obtained for a normal-stale resistance of 0.01 
ohms. For the given core size, a resistivity of 10*^ ohm-metres and a critical current of 2000A, this requires a critical 
current density of 2.5 10^ A/m^, which is relatively undemanding. 

[0040] The above example has used equal numbers of turns on the two secondary windings 5,6. However it is 
possible to use different numbers of turns, and thereby accommodate the properties of the superconductor (the rela- 
tionship between critical current and resistance) to the requirements of the current Ifmlter. 

[0041] Table 3 below plots the fault currents against F^^fi for different numbers of turns on the second secondary 
winding 



Table 3 



1 ■ 


Rshort^h'TlS 


1 9 turns 


18 turns 


36 turns 


'pnm 


0.001 


1 2.74 


1.54 


0.688 




0.005 


1 0.651 


0.388 


0,147 




0.01 


1 0.280 


0.161 


0.087 




0.05 


0.077 


0.057 


0.055 




0.1 


0.060 


0.051 


0.054 1 




0.001 


274 


154 


68.76 1 




0.005 


54.9 


30.9 


13.8 1 
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15.4 


6.94 




0.05 


5.9 


3.08 


1.74 




0,1 


3.5 


1.54 


1.27 


'short 


0.001 


7397 


5551 


3702 




0,005 


1481 


1111 


741 




0.01 


•741 


555 


370 




0.05 
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74.1 




0.1 1 


74.1 


55.6 


37.0 



[0042] If, for example, we wished to limit the secondary current to 1 5A under fault conditions, this could be achieved 
with the following values of Rgho/f different numbers of turns (Table 4). The corresponding value of the rated current 
in the shorted turn, under normal conditions, is also shown. Choosing the critical current to be 25% greater than this, 
the critical current density (J^.) of the superconductor 8 can then be calculated. 



Table 4 





9 turns 


18 turns 


36 turns 


1 Rshcrt fault l5«^=15A.Q 


0.02 


0.01 


0.0045 


1 ^short' rated nomiaf, A 


1361 


1806 


2704 


1 Superconductor section mm^ 


41.5 


83 


184 


1 Power for fault kW | 


2.74 


3.09 


3.05 


j Power density kW/nrr^ | 


79600 


45000 


19900 


1 Current density (J^) Amm'^ | 


41 


27 


18 



[0043] In this analysis, we have assumed that the superconducting shorted turn 6 is a cylinder. The inner radius is 
fixed by the size of the magnetic core plus an allowance for insulation etc. (the core diameter is in turn determined by 
the power rating of the transformer). We also assume that the resistivity of the superconductor has a value of 10^^ 
ohm-metre. A given resistance around this turn then defines the cross-sectional area required. 
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Claims 

1. An electrical transformer comprising a primary winding; first and second magnetic circuits magnetically coupled 
with the primary winding and through which magnetic flux is driven by the primary winding; first and second sec- 
ondary windings each associated with a respective one of the magnetic circuits and electrically connected together 
in series opposition; and a closed superconducting fault current winding linking with nugnetic flux in the second 
magnetic circuit. 

2. A transformer according to claim 1 . wherein the primary and secondary windings are superconductive. 

3. A transformer according to claim 2, wherein the primary, secondary and fault current windings are housed in a 
common cryostat. 

4. A transformer according to any of the preceding claims, wherein the fault current winding comprises a single turn. 
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